Energy shells or periodic enhancements of level densities from its mean value, as a function of energy, is a general feature arising from quantum effects in finite size systems ranging from atoms, nuclei to metallic clusters. Advances in the measurements of the size of large metallic clusters provided opportunities for the search of the existence of "super shells" and for "magic" numbers different from those in atomic and nuclear physics [1] . The improved sensitivity of experimental techniques, both with low-intensity radioactive ion beams and high-intensity stable beams, played an analogous role in the quest for understanding the evolution of the ordering of singleparticle (shell model) states or new "magic numbers", as a function of isospin in nuclei far from stability [2] . Intense theoretical efforts are underway to obtain new effective shell model interactions which can explain and predict features of nuclei far from stability [3] [4] [5] [6] .
With the addition of protons in the π1f 7/2 orbital, moving from Ca to Ni, the strongly attractive protonneutron spin-flip interaction [6] is known to modify the ordering of the levels in the fp-shell from 2p 3/2 , 2p 1/2 and 1f 5/2 in 49 Ca to 2p 3/2 , 1f 5/2 and 2p 1/2 in 57 Ni [7] . Similar migration of single particle levels for changing N/Z asymmetry gives rise to weakening of known shell closures at N = 8, 20, 28 and the appearance of new ones, such as, N = 14, 16, 32. The recent prediction [5] of the existence of a "magic number" at N = 34 (first predicted more than thirty years back [8] ) initiated a large experimental effort [9] [10] [11] [12] (and references therein), in neutronrich nuclei around Ca. These measurements confirmed the existence of a sub shell closure at N = 32 (between the p 3/2 and p 1/2 orbitals) but no evidence for the appearance of a new gap at N = 34 was reported in Ti and Cr isotopes [9] [10] [11] . These nuclei are easier to study due to their lower N/Z values, but the presence of valence protons outside the Z = 20 shell reduces their sensitivity to the neutron configuration (hence the N = 34 closure) as compared to the more exotic neutron-rich isotopes of Ca. The study of these neutron-rich Ca isotopes also provides a good handle to explore the role of the T = 1 term of nucleon-nucleon interaction in the evolution of shell structure far from stability.
Calculations using the two most recent shell model interactions, GXPF1A [5] and KB3G [3] and its modification KB3GM [13] , derived for nuclei having their valence nucleons in the pf-shell are in good overall agreement with the measured level schemes [9, 10] . The GXPF1A interaction is obtained from a systematic fit to experimental data starting from a realistic interaction, while the KB3GM is obtained from empirical modifications of the monopole part of the realistic nucleon-nucleon interaction. Shell model calculations using the GXPF1A interaction predicted a new shell closure at N = 34 (between the p 1/2 and f 5/2 orbitals), making 54 20 Ca 34 a new doubly magic nucleus. Contrary to the above, the use of KB3G/KB3GM interaction do not predict the appearance of this shell closure [13] . It should be noted that both interactions predict the low lying states in the Ca isotopes to be dominated by valence single neutron excitations.
The rapidly decreasing cross section associated with the increasing N/Z values for 53,54 Ca makes them difficult to characterize. Both the lack of experimental observation of 54 Ca and the small probability to populate the f 5/2 state in 53 Ca through β-decay make it difficult to directly verify this prediction. Therefore, in the present work excited states corresponding to dominant neutron single-particle configurations in neutron-rich isotopes of Ca ( 50−52 Ca) have been populated and identified to obtain directly the difference in energy between the p 1/2 and f 5/2 orbitals and thus the shell gap at N = 34.
The measurements were made at GANIL using typical beam currents of ≃ 2 pnA of 238 U from the CSSI cyclotron at an energy of 1.310 GeV incident on an isotopically enriched (96%), 1 mg/cm 2 thick, 48 Ca target. The resulting target-like residues produced in deep inelastic transfer reactions [2] were detected and identified using the large acceptance spectrometer VAMOS [14] . The coincident prompt γ-rays from the target-like residues were detected using 11 segmented clover detectors of the EX-OGAM [15] surrounding the target. The optical axis of the VAMOS spectrometer was placed at 35 degrees (near a calculated grazing angle) with respect to the beam axis. The reaction products were identified from two-dimensional matrices of energy loss (∆E) and mass-over-charge (A/Q) for each charge state. Figure 1 shows a typical identification matrix for one section of the focal plane clearly demonstrating the unambiguous identification (Z, A) of the various target-like residues. Further experimental details and results are given in Ref. [16] . As can be seen from Fig. 1 , 53 Ca is the most neutron-rich isotopes of Ca produced in the present work (N/Z ∼ 1.65). The angle between the segment of the clover detector and the reconstructed velocity from the VAMOS spectrometer was used to correct for the Doppler effect on an event by event basis. The resulting γ-ray spectra in coincidence with the neutron-rich Ca isotopes identified in VAMOS, are shown in Fig. 2 . Low statistics in the gamma spectrum of 53 Ca prevented a clear identification of the position of its excited states.
In the present work γ-γ coincidences and relative intensities were used to obtain the level schemes. Due to the fast falling and low production cross sections, a limited use of γ-γ coincidences could be made in 51 Ca. The relative intensities of various transitions as a function of the excitation energy in the fragment were used as an additional aid for the placement of the γ-rays. The excitation energy of the detected fragment was constrained from the measured kinetic energy of the targetlike residue in the focal plane. Such a method, to the best of our knowledge, has been employed for the first time. In 50 Ca the 1978.2(0.6) keV γ-ray was observed in coincidence with the 1026.2(0.3) keV transition and has been assigned to arise from the decay of a 2 50 Ca, the inset shows the high energy part of the spectra b)
51 Ca and c) 52 Ca.
from a 0 + state [17] , based on the higher expected energy of the 0 + in 48 Ca. Other transitions seen in Ref. [2] and also in the present work are not shown in Fig. 3 . In 51 Ca the 1943.4(5.7), 1466.3(1.6) and 843(27) keV transitions were not observed earlier. A direct feeding of the 2 + state in 52 Ca found in the present work, was not observed in Ref. [18] . As seen from Fig. 2 , a striking feature of the present work is the relatively large intensities of the 2971.4(0.6) keV, 1426.1(3.2) keV γ-rays in 50 Ca and 52 Ca respectively. The γ-rays have been assigned to the de-excitation of the octupole core excited state at around 3.9 MeV (3 − ) [2, 18] . The equally strong feeding of the state at a similar energy in 51 Ca decaying by the 1466.3 keV transition suggests it to be an equivalent state.
A restrictive level scheme obtained from the present work for the neutron-rich isotopes of 50−52 Ca along with shell model calculations using the GXPF1A interaction is shown in Fig. 3 Ca are used to identify and interpret the expected dominant neutron configurations of the observed low lying states in 50−52 Ca. These are then used to obtain an estimate of the shell gap at N = 34. The validity of the above approach was confirmed by performing large scale shell model calculations using the GXPF1A, KB3G and KB3GM interactions.
The ground state of 50 Ca corresponds to a pair of valence neutrons in the p 3/2 orbit coupled to J π = 0 + and a closed 48 Ca core. The breaking of this pair will give In 52 Ca the p 3/2 orbit is fully occupied in the ground state, preventing further re-coupling of these nucleons, thus accounting for the absence of state analogous to the 2 + 1 in 50 Ca. Hence the energy of the first 2 + in 52 Ca is determined by the excitation of a neutron from the p 3/2 to p 1/2 orbital and consistent with those in 49,50 Ca.
The second excited state is analogous to the 1 + in 50 Ca. The tentative assignment of the level at 4.0 MeV to be a 3 − [12, 18] can be made firm, based on a uniformly strong feeding of these states in all the neutron-rich isotopes of Ca as discussed earlier. The knowledge of the above states is now used to describe the structure of 51 Ca.
The ground state of 51 Ca can be described as three neutrons occupying the p 3/2 orbit leading to the only possibility of a 3/2 − state. The excitation of a single neutron from the p 3/2 to p 1/2 orbital with the remaining two neutrons coupled to J π = 0 + leads to the first excited 1/2 − state. The observed excitation energy for this state (1.7 MeV) is ∼ 300 keV smaller than the value expected from the energy difference between the two lowest 2 + states in 50 Ca or that of the corresponding singleparticle states in 49 Ca. This arises from the decreased pairing of the p to be calculated systematically to have a smaller binding energy compared to the experimental levels by a few hundred keV. It can be seen that due to these reasons, the predicted energy spacing between the p 1/2 and f 5/2 orbitals [5] is too large compared to that experimentally obtained, thus giving no real strong hint for the appearance of a N=34 "magic" gap. The present work also shows that the importance of the study of odd nuclei (such as 51 Ca in the present case) to constraint extrapolations of shell model interactions.
In summary, a shell model interpretation of the measured levels of the neutron-rich isotopes of Ca shows that energy spacing between the 2p 1/2 and 1f 5/2 neutron orbitals is almost constant going from 49−52 Ca and when extrapolated to 53,54 Ca, shows that N = 34 cannot be considered as a new magic number as predicted earlier.
The present work also presents new limits of experimental sensitivity, reached using deep inelastic transfer reactions, to access to a wide variety of states with different configurations including odd nuclei, necessary to study structural changes far from stability.
